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A,  QUANTUM PHASE NOISE I N  HE-NE LASERS ( R .  Arrathoon) 
1. In t roduct ion  
The achievement of extreme s p e c t r a l  p u r i t y  i n  gas l a s e r  o s c i l l a t o r s  
i s  a problem of p r a c t i c a l  importance i n  such areas  a s  communications, 
interferometry and prec is ion  measurements i n  general .  Under appropriate  
conditions,  t he  output of a s tab le  single-frequency l a s e r  may become 
e s s e n t i a l l y  monochromatic; however, t h e  r e s u l t a n t  output w i l l  s t i l l  have 
a measurable s p e c t r a l  width. Th i s  l inewidth w i l l  be pr imari ly  de te r -  
mined by acoust ic ,  seismic and thermal dis turbances which per turb  the  
o p t i c a l  cav i ty .  There may a l so  be per turba t ions  within the plasma i t s e l f  
which can serve t o  subs t an t i a l ly  increase  the  l inewidth of the l a s e r .  
Taken together ,  these  f a c t o r s  may be a r b i t r a r i l y  c l a s s i f i e d  as "external"  
( o r  "environmental") disturbances.  
t h e  l inewidth w i l l  be f u r t h e r  increased by the  presence of spontaneous 
emission or "quantum noise." 
i s  eliminated, t he  ul t imate  spec t r a l  width w i l l  then be determined s o l e l y  
by quantum noise ,  
I n  addi t ion t o  the  ex te rna l  f ac to r s ,  
I f  the  e f f e c t  of t he  ex terna l  dis turbances 
Ordinar i ly ,  t he  quantum-phase-noise-limited l inewidth w i l l  be ex- 
tremely narrow. For t y p i c a l  He-Ne l a s e r s  operating i n  the mi l l iwa t t  
region, t h e o r e t i c a l  l inewidths  of the  order of a few ten ths  of a h e r t z  
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a r e  pred ic ted .  I n  p rac t i ce ,  observed l a s e r  l inewidths  a re  considerably 
g r e a t e r  than t h i s  due t o  the  presence of ex te rna l  dis turbances.  The 
quantum linewidth cont r ibu t ion  may be r a d i c a l l y  enhanced by operat ion a t  
extremely low power l e v e l s ;  moreover, with proper instrumentaion t h i s  
cont r ibu t ion  may be i s o l a t e d  from the  ex te rna l  cont r ibu t ion .  Measurements 
of spontaneous emission noise  can then  be made i n  s p i t e  of t he  presence 
of r e l a t i v e l y  l a rge  e x t e r n a l  noise cont r ibu t ions ,  as  we r epor t  here .  
2 Measurement Theory 
The measurement of quantum phase noise  i n  l a s e r  o s c i l l a t o r s  involves 
techniques similar t o  those used i n  accurate  determinations of t he  t o t a l  
l inewidth of a l a s e r  o s c i l l a t o r .  These techniques o r d i n a r i l y  a re  based 
on an ana lys i s  of t he  rf bea t  note between two l a s e r s  which a re  he te ro-  
dyned together .  I n  the  time domain, t he  heterodyne technique r e s u l t s  i n  
a form which contains the  product of t he  two time s igna l s .  I n  the  f r e -  
quency domain, t h i s  corresponds t o  the  convolution of t he  s p e c t r a l  charac- 
t e r i s t i c s  of each ind iv idua l  l a s e r .  
1 E a r l i e r  work determined t h a t  the  l i n e s h a p  of the  bea t  s i g n a l  was 
gaussian i n  nature.  Since the  convolution of two gaussians i s  a l s o  
gaussian,  the  s p e c t r a l  c h a r a c t e r i s t i c s  of each of t h e  l a s e r s  (assuming 
they a re  i d e n t i c a l  and independent) can be i n f e r r e d  from an ana lys i s  of 
the  bea t  note .  A quantum noise  l i m i t e d  s igna l ,  however, w i l l  have a 
l i n e s h a p  t h a t  i s  Lorentzian and the  bea t  s i g n a l  from two such l a s e r s  w i l l  
again be Lorentzian.  P r a c t i c a l l y ,  t h i s  i n d i c a t e s  t h a t  t he  e x t e r n a l  l i n e -  
width contr ibut ion,  which i s  gaussian i n  na ture ,  f a r  exceeds the  spontaneous 
'A.E .Sie@an, 13 .Daino, and K.R.Manes, "Prel iminary Measurements of Laser 
Short-Term Frequency Fluc tua t ions ,  ' I  IEEE J.Quant. E l e c t r  . 133-3, 180 (May 1967) 
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emission l inewidth contr ibut ion.  
then separa te  the  e f f e c t s  of the two noise  sources by u t i l i z i n g  the  
d i f f e r i n g  s p e c t r a l  c h a r a c t e r i s t i c s  of the  two sources.  The b a s i c  tech-  
Any measurement of quantum noise  must 
niques f o r  these  measurements are presented i n  &pendices-4l+-&Hk 4 
3 .  Experimental Resul t s  
The r e s u l t s  of our f i r s t  experiments on quantum phase noise  have now 
been published, 'The measurements 
were made over a somewhat l imi ted  range i n  power, fo r  power l e v e l s  i n  the  
low microwatt region.  These r e s u l t s  e s s e n t i a l l y  v e r i f y  the  Schawlow- 
Tomes r e l a t i o n ,  which.,is a fundamental formula f o r  t he  quantum noise  
l i m i t e d  l inewidth of a l a s e r  o s c i l l a t o r .  The measurements u t i l i z e d  a 
30 MHz FM discr imina tor  and a high frequency sampling scope. More 
extended measurments with a 4.5 MHz d iscr imina tor  have more r ecen t ly  been 
made over approximately two decades i n  l a s e r  power. These r e s u l t s  a re  
presented  i n  A p p w A  iv S together with a d i scuss ion  of l a s e r  amplitude 
b-l-4 
f l u c t u a t i o n s  t h a t  a re  necessary f o r  a t h e o r e t i c a l  evaluat ion of the  
Schawlow-Tomes r e l a t i o n .  
B. PLASMA INDUCED PHASE NOISE I N  HE-NE LASERS 
1. In t roduct ion  
The e f f e c t  of t h e  ex te rna l  f a c t o r s  on the  o s c i l l a t o r  l inewidth 
may be reduced by u t i l i z i n g  extremely s t a b l e  o p t i c a l  c a v i t i e s  and by 
opera t ing  the  l a s e r  i n  r e l a t i v e l y  noise f r e e  environments. Careful  pre- 
cau t ions  along these  l i n e s  have y ie lded  s p e c t r a l  widths i n  the  k i l o h e r t z  
range f o r  6328 2 He-Ne l a s e r s .  Beyond a c e r t a i n  point ,  however, more 
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e labora t e  environmental precaut ions have not r e s u l t e d  i n  s u b s t a n t i a l  
reduct ions i n  the  l inewidth.  Experimental evidence ind ica t e s  t h a t  t h i s  
r e s i d u a l  broadening may be explained i n  terms of per turba t ions  wi th in  
the  gas discharge.  
2 .  Experimental Resul t s  
Modulation of the  dc discharge cur ren t  of one of our l a s e r s  was ob- 
served t o  produce s u b s t a n t i a l  b lue  s h i f t s  of the  l a s i n g  frequency with 
increas ing  current  of t h e  order  of MHz/mA. A t  6328 8 t h i s  s h i f t  was 
found t o  be e s s e n t i a l l y  independent of pos i t i on  on the  inhomogeneously 
broadened atomic l i n e ,  implying t h a t  the  s h i f t  was due t o  background 
changes i n  the d i spe r s ion  of t he  media r a t h e r  than t o  any pushing or 
pu l l ing  e f f e c t s  assoc ia ted  with the  atomic t r a n s i t i o n  i t s e l f .  Further  
experimental  evidence ind ica t ed  the  most probable mechanism t o  be the  
d ispers ive  e f f e c t s  of the  nearby neon 1s-2p upward t r a n s i t i o n s  a t  6334 8 
and 6402 8.  
a r e p r i n t  i s  a-Hx&ed as-. 
These r e s u l t s  have now been accepted f o r  publ ica t ion ,  and 
P a +  . 
3. Conclusions 
The magnitude of  these  e f f e c t s  suggests  t h a t  t he  s p e c t r a l  width of 
6328 8 l a s e r s ,  p re sen t ly  thought t o  be l imi t ed  by microphonic dis turbances,  
may r a t h e r  be due t o  plasma e f f e c t s .  
p resent  i n  the discharge,  t he  use of rf e x c i t a t i o n  should have a tendency 
t o  reduce or eliminate these  pe r tu rba t ions .  I n t r i n s i c a l l y ,  i n  the  absence 
of o ther  ex te rna l  e f f e c t s ,  it appears t h a t  the  1.15 p He-Ne t r a n s i t i o n  
w i l l  have a considerably narrower l inewidth than  t h e  6328 8 t r a n s i t i o n .  
If random plasma o s c i l l a t i o n s  a r e  
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4.  Future Analysis 
Experimental evidence ind ica tes  t h a t  the frequency f l u c t u a t i o n  
mechanism involves v a r i a t i o n s  i n  the  neon Is metastable population. 
This l eads  t o  the  i n t e r e s t i n g  problem of attempting t o  t h e o r e t i c a l l y  
determine the  neon Is population dens i ty  based only on such r e a d i l y  ava i l -  
able information as the pressure, tube diameter, e lec t ron  temperature 
and gas mixture. The resu l t ing  neon Is population may then be used t o  
ca l cu la t e  the expected e f f e c t  o f  plasma per turbat ions on the o s c i l l a t o r .  
The b a s i c  so lu t ion  t o  t h i s  problem has already been formulated and will 
shor t ly  be concluded. 
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